The thermoelectric transport properties in atomic scale conductors consisting of a Si atom connected by two electrodes are investigated. It is found that both the electrical current and the heat current have two contributions, one from the voltage and the other from the temperature gradient. The quantities such as the Seebeck thermopower and the thermal conductance that characterize the thermoelectric transport properties of the tunnel atomic junction are studied quantitatively with a first-principles technique within the framework of Landauer-Büttiker formalism in the linear response regime. A finite thermopower only exists in a very narrow range where the energy derivative of the transmission function is nonzero. The thermopower anomaly is observed in the tunneling regime in this device but this does not violate the thermodynamic law with respect to the heat current.
I. INTRODUCTION
It is very attracting to use atoms, atomic wires, clusters, and molecules as the functional units of electronic device applications 1,2 since such devices represent the ultimate limit size that can be reached in future development. In the past several years, much research interests have been focused on the study of electrical transport properties of such atomic scale devices and many interesting phenomena are observed. [2] [3] [4] [5] [6] [7] [8] For example, in these systems, the Ohm's law breaks down and conductance quantization 3, 4 was discovered, which was first observed in the fabricated semiconductor structures. The capacitance can not also be described any more by the classical formula which counts only for the geometric information, but becomes an electrochemical one in which many quantum corrections due to various sources must be taken into account. 8 However, in comparison with electrical transport, much less attention has been paid so far to the analysis of the thermal and thermoelectric properties of such systems. Yet these properties provide additional information on the kinetics of carriers not contained in the measurement of current-voltage characteristics. Proetto found that the thermopower oscillates whenever a new quantum channel is open for conduction in a quantum point contact and with elevated temperature, the conductance may have weak indication of quantization while the thermopower still has well defined oscillations. 9 Boese and Fazio showed that thermopower is a very sensitive tool to detect Kondo correlation in ultrasmall quantum dots. 10 Furthermore, they may have interesting technological applications. 11 Therefore, in this paper, we extend the study of transport properties to the thermoelectric effects in the atomic size conductors where both chemical potential and temperature gradients are present. Atomic scale conductors generally consist of two electrodes with functional atoms, clusters, or molecules sandwiched between them. In particular, we have studied the thermoelectric properties such as the Seebeck thermopower and the thermal conductance of an atomic junction consisting of a Si atom connected by two electrodes within the framework of Landauer-Büttiker formalism 12 in the linear response regime by a first-principles technique. And the cases where the device works both in the ballistic regime and in the resonant tunneling regime are investigated. We find that a finite thermopower only exists in a very narrow range where the energy derivative of the transmission function is nonzero. Especially, the thermopower ͑or the thermoelectric current͒ has opposite sign on two sides of each transmission peak in the tunneling regime. That is, the thermopower anomaly is observed when the energy of the tunneling electrons is well above an atomic or molecular energy level of the central atom or molecule. However, this thermopower anomaly does not violate the thermodynamic law. The thermal conductance is always nonnegative and nearly proportional to the transmission function. This paper is organized as follows: The theoretical approach will be in Sec. II. Our results and discussions are in Sec. III. A brief summary will be shown in Sec. IV. a͒ Author to whom correspondence should be addressed. Electronic mail: zzeng@theory.issp.ac.cn
II. FORMALISM
The Landauer-Büttiker approach can be easily extended to include electrical current and heat current through a region between two electrodes with different temperature and chemical potentials. Suppose the chemical potentials and temperature across the device are ϩeU,Tϩ⌬T ͑with electron charge eϭϪ1.60ϫ10 Ϫ19 C) for the left electrode and , T for the right electrode, respectively, then we get the electrical current as
and the heat current as
where T͑͒ is the transmission function,
Ϫ1 is the Fermi function, which describes the thermal distribution of electrons in the electrodes, and
In the linear response regime of vanishing ⌬T and U, we can expand the Fermi function to the first order of ⌬T and U and get
Then Eqs. ͑1͒ and ͑2͒ are simplified to
where
In fact, here K 0 is the temperature dependent transmission function of the system. So the conductance with finite temperature is given as
͑8͒
From Eqs. ͑5͒ and ͑6͒ we see that both the electrical current and the heat current have two contributions, one from the chemical potential difference and the other from the temperature difference. In the following, we will discuss the thermoelectric properties in an atomic scale conductor on the basis of relations Eqs. ͑5͒-͑8͒. From the equations above, clearly we must get the transmission function before we go further to discuss any temperature dependent effects. We take the following steps which are performed on the first-principles basis to get the transmission coefficients: first, a supercell including the central atom and part of the jellium electrodes is chosen and a pseudopotential plane wave method is used to calculate the effective potential of the system; next, a three-dimensional ͑3D͒ scattering problem is solved to get the scattering matrix. With the scattering matrix obtained, the transmission function can be calculated. The details of the procedure can be found in Refs. 3 and 4.
III. RESULTS AND DISCUSSIONS
We consider an atomic junction consisting of one Si atom connected by two electrodes. This device can be made to work either in the ballistic regime or the tunneling regime by modulating the atom-electrode distance. 4 Particularly, the conductance curves with atom-electrode distance d ϭ2.3 a.u. and dϭ8.0 a.u. are presented in Fig. 1 . When d ϭ2.3 a.u. ͑the equilibrium distance͒, the device works in the ballistic regime and a quantized conductance step is clearly shown. When dϭ8.0 a.u., the vacuum forms two potential barriers at the interfaces between the atom and the electrodes so that the device works in the tunneling regime. The energy of the incoming electrons must match the molecular levels to go from one side to the other. At the left peak (S peak͒, the tunneling of electrons is mediated by the Si 3s orbital. At the right peaks ( P peaks͒, the tunneling is mediated by the Si 3p orbitals. Here, the 3p z orbital is nondegenerate from 3p x and 3 p y by the existence of electrodes along the z direction. Therefore, two P peaks are observed, one for 3p z with G ϭG 0 (G 0 is the conductance quantum͒ and one for 3p xy with Gϭ2G 0 . In the following, the transport properties related with temperature, i.e., the temperature dependent conductance, the Seebeck thermopower and the thermal conductance, will be discussed for the tunneling regime particularly. And the regions we are interested in are the resonant peaks which characterize the transport behaviors in this device.
A. Temperature dependent conductance
Elevated temperature leads to changes of the Fermi distribution of electrons so as to change the electrical conductance G according to Eq. ͑8͒. This effect is clearly seen in the S peak of the conductance curve with increasing temperatures in the tunneling regime ͑Fig. 2͒. The height of the peaks decreases while the width becomes broadened. This is because the transmitivity in a range of a few k B T around the Fermi energy contributes to the integral in Eq. ͑8͒. Therefore, at a specific chemical potential, the conductance is not only determined by the transmission at this point, but the transmission in a finite range around this chemical potential will also contribute to it.
B. Thermopower
From Eqs. ͑5͒ and ͑6͒, we know that if there is a temperature gradient across the device, besides the heat current, it also induces an electrical current, which is the thermoelectric current. To neutralize this current, a voltage difference must be added. Such a voltage difference divided by the temperature difference is called the Seebeck thermopower. From Eqs. ͑5͒ and ͑6͒, the thermopower in the linear response regime is given by 9, 13 S͑ ͒ϭ U ⌬T ϭϪ 1 eT
The chemical potential dependence and temperature dependence of the thermopower for both the S peak and the P peaks are calculated and presented in Fig. 3 . This figure shows that the nonzero thermopower only appears in the regions where the slope of the conductance curve is nonzero. This behavior can be explained by expanding the transmission coefficient T in K 1 () in Eq. ͑9͒ around at very low temperature,
It is proportional to the energy derivative of the transmission function. Thus from Fig. 3 and Eq. ͑10͒ we know that a rapidly varying transmission function with energy leads to a big thermopower. This phenomenon can be seen from the details of the thermopower around the P peaks. The thermopower at P z is much smaller than that at P xy because the transmission peak at P z is much wider and much more slowly varying. Further analysis shows that a temperature gradient does not necessarily give rise to a contribution to the electrical current in such a device. For example, in the tunneling regime, the thermopower approaches zero quickly away from the peak center of the transmission function. This can be very well understood because it has Tϭ0 far away from the resonant peak, which means that no electrons can tunnel through the molecule. However, in a perfect ballistic conductor, on the flat part of a conductance platform, although electrons can move freely through the device, the temperature difference still does not contribute to the electrical current. Our additional calculations on the ballistic regime supports this point ͑not shown in the figure͒. It is because the thermopower is determined by the energy derivative of the transmission function.
Another feature of the thermopower is that the value of the thermopower is nearly linearly dependent on temperature. This can be explained by Eq. ͑10͒, where the exponential of T appears as 1. The most interesting thing is that, in the tunneling regime, the thermopower is negative in the ascending side while positive in the descending side around a transmission peak. It is known that a temperature gradient dT(z)/dz will generate a thermoeletric field according to 14 EϭS dT͑z ͒ dz . ͑11͒
As a result, in the descending side, the thermoelectric field directs to the temperature gradient and causes the electrons to go from the lower temperature side ͑cold side͒ to the higher temperature side ͑hot side͒. This can be understood as follows: consider there is no bias voltage, we can find that when Ͼ, ⌬ f () is positive, and when Ͻ, it is negative. This gives an electron distribution difference on two electrodes. So when dT/dϽ0, i.e., T(Ͼ)ϽT(Ͻ), the total electron current is negative, otherwise it is positive. This is in contrast to the diffusive conductor in semiclassical theory where electrons always go from the hot side to the cold side. Thus a thermopower anomaly appears when the chemical potentials of the both electrodes are just above an energy level of the central region. However, this ther- mopower anomaly does not lead to the anomaly of the thermodynamics, which can be seen by the study of the heat current.
C. Thermal conductance
The linear thermal conductance is defined as the heat current divided by the temperature difference when there is no electrical current in the device. Therefore, we must first adjust the chemical potential so that the electrical current through the device is zero before measuring the thermal conductance. From Eqs. ͑5͒ and ͑6͒, we find that it is expressed as
͑12͒
At low temperature, it is expanded into 13
͑13͒
According to Wiedemann-Franz law, ͑͒ is approximated by the first term in the above equation at low temperature. The thermal conductance calculated from the exact expression ͑12͒ is shown in Figs. 4͑a͒ and 4͑b͒ for the S peak and P peaks. It follows the shape of the temperature dependent conductance and increases with the temperature. It is important to note that, unlike the thermopower, the thermal conductance is always non-negative. This can be easily understood: when studying the thermal conductance, the total electrical current is zero, i.e., the number of electrons from the hot electrode to the cold electrode is always equal to that from the cold electrode to the hot electrode, but they take different heat energy. So heat always goes from the hot side to the cold side. And the thermal conductance is always positive. However, our results also show that the ratio /G()T is constant only in some distance away from the central peak. In the middle of the peak, the WiedemannFranz law does not stand very well ͑not shown in the figure͒ in the case we concern. In Fig. 5 , a single calculation on the heat current ͑with ⌬Tϭ0.5 K) around the P peaks without the voltage present is performed. It shows that the heat current is never negative, which means that the heat current induced by the temperature gradient only will always flow in the direction along the temperature gradient.
IV. SUMMARY
In summary, the thermoelectric properties of an atomic conductor consisting of a Si atom sandwiched between two electrodes with both voltage and temperature gradient present are investigated within the Landauer-Büttiker formalism in the linear response regime. It is found that both the electrical current and the heat current have two contributions, one from the voltage, and the other from the temperature gradient. The quantities that characterize the thermoelectric effects are calculated by a first-principles formalism. The results show that the thermopower increases with elevated temperature but it is nonzero only in the region where the energy derivative of the transmission function is nonzero. However, in the tunneling regime, when the chemical potentials of the electrodes are well above an atomic or molecular level, the thermopower displays an anomalous behavior and it drives the electrons to go from the lower temperature side to the higher temperature side. In order to observe this thermopower anomaly, we must carefully modulate the Fermi level of the system well above an energy level of the central atom or molecule. In fact, the sign change of the thermopower has been observed experimentally in single-walled carbon nanotubes by exposing the nanotubes to oxygen which moves the Fermi level from one side of a density of states peak to the other. 15 This thermopower anomaly does not violate the thermodynamic law with respect to the heat current. The heat current component induced by the temperature gradient is always directed from the hot side to the cold side. Besides the tunneling regime, we also studied the ballistic regime. In this regime, the thermopower anomaly does not occur. But a finite thermopower also exists only in a narrow region where the transmission function changes with energy ͑for example, where it changes from 0 to 1͒. In the flat part on the conductance platform, the thermopower is zero. Consequently, it gives no contribution to electrical current although electrons can move freely from one side to the other side. In fact, we have also studied some other systems with the sandwiched part replaced by a Si 3 chain or other clusters, those results also support the above conclusions.
In a molecular conductor, the Fermi energy lies between the HOMO ͑the highest occupied molecular orbital͒ and LUMO ͑the lowest unoccupied molecular orbital͒ of the central molecule or cluster. The information of the thermopower is very useful in determining whether the position of Fermi energy is closer to the HOMO or closer to the LUMO by seeing its sign. This will tell us whether the molecule conducts through the HOMO or through the LUMO. 16 For example, it can be derived from the measurement of the voltage induced by a temperature difference over Guanine molecules on a graphite substrate reported by Poler et al. that the electrical transport is conducted by the HOMO level in those systems. 17 
